Introduction Intervertebral disc (IVD) degeneration is characterized as a multifactorial disease, in which the hereditary background is thought to be of high importance. Accordingly, one would expect all spinal levels (lumbar/ cervical/thoracal) to be affected by above-average disc degeneration in genetically predisposed individuals. The aim of this study, therefore, was to analyze the amount of degenerative changes in different spine levels in humans from different ages. Materials and methods In detail, the presence, localization and abundance of histomorphological changes in the annulus fibrosus (AF) and nucleus pulposus (NP) in the cervical (C5/ C6), thoracic (T2/T3) and lumbar (L2/L3) spine were investigated in complete autopsy IVD specimens (47 individuals) covering a complete age range (0-95 years).
Introduction
While mechanical loading was considered the major cause for degeneration of the intervertebral disc (IVD) in the 1970s, intensified research activities in the last two decades strongly indicate a multifactorial etiology [1] . Numerous studies have been performed trying to identify the most important factor(s) causing accelerated or advanced signs of aging and ultimately structural failure. Large genetic studies have been able to prove the importance of heredity in the development of disc degeneration [3-5, 12, 28, 29, 60, 61] . However, while disc degeneration usually manifests in a pronounced manner later in life, polymorphic variations in susceptibility genes are congenital, indicating that genetic inheritance is only a risk factor, but additional factors or events are needed to trigger aggravating disc degeneration. As the lumbar level is specifically susceptible to disc degeneration, mechanical load and nutritional deficits may be factors that have to be weighed again.
In order to further elucidate the role of intra-individual factors in the development of disc degeneration, investigations on the extent of degenerative histological changes in the cervical, thoracic and lumbar spine could provide useful data. To the best of our knowledge, no such data is yet available. The aim of this study, therefore, was to investigate the intra-individual histomorphological changes in the IVD in the cervical, thoracic and lumbar spine during the process of aging. Thus, the presence, localization and abundance of histomorphological changes in the annulus fibrosus (AF) and the nucleus pulposus (NP) were investigated in complete autopsy IVD specimens of all ages and these findings were correlated with age, region and disc level.
Materials and methods

Cadaver specimens
For the purpose of this study, IVDs from the cervical (C5/ C6), thoracic (T2/T3) and lumbar (L2/L3) spine were harvested during routine autopsy from 47 individuals (21 females/26 males) without any known spinal disorders. This level pattern was prompted by the accessibility during routine autopsy. The age ranged from 25 days (newborn) to 95 years (senile), median age was 62 years. Available medical reports showed no history of relevant back pain in terms of previous back-related treatment, hospitalization, surgery or invalidity.
Tissue processing All IVDs were removed using an anterior approach. Posterior structures were removed by pedicle osteotomy, leaving the posterior longitudinal ligaments intact. One mid-sagittal slice of each segment was obtained, including parts of the adjacent vertebral body. This sagittal slice (of approx. 5 mm thickness) of the complete motion segment was fixed in 4-6% buffered formaldehyde (pH 7.4), subsequently decalcified (0.1 M EDTA, pH 7.4) and finally embedded in paraffin wax as routinely performed [8, 42] .
Data evaluation
Determination of the macroscopic grade of disc degeneration
All samples were evaluated macroscopically by two of the authors (A.G.N. and C.W.) with a special interest in musculoskeletal pathology. The extent of disc degeneration was graded from grade 1 (juvenile disc) to grade 5 (severe degeneration) according to the grading system by Thompson et al. [54] .
Determination of the degree of histological degeneration
In all samples, the histological degree of disc tissue degeneration was determined in the outer AF (OA), inner AF (IA) and the NP as previously described in detail [8] . Briefly, the parameters cellularity, occurrence and extent of cleft and tear formation, granular and/or mucoid matrix degeneration and cell necrosis were ranked, forming the ''histological classification system'' (HDS) with a maximum score of 22 points. All histomorphologic gradings were assessed independently. For the purpose of this study, we use the terms ''age-related changes'' and ''degenerative changes'' synonymously because a clear distinction is not possible.
Statistical analysis
Interrater reliability for the degree of histological degeneration was determined on a subset of 10 specimens and for the macroscopic degeneration for all IVD using kappa statistics. The agreement was graded as follows: 0.00 was regarded as poor, 0.00-0.20 as slight, 0.21-0.40 fair, 0.41-0.60 moderate, 0.61-0.80 substantial and 0.81-1.00 almost perfect [33] . Correlation between the HDS score, age, spine level, gender and macroscopic disc degeneration was explored by using a Spearman rank test. Differences between age-groups, and macroscopic grades of disc degeneration were explored by a non-parametric KruskalWallis test. After testing (Kolmogorov-Smirnov test) for normal distribution for the parameters age, BMI and NP-HDS (cervical, thoracic and lumbar) a Pearson correlation analysis was performed to explore intra-individual correlations between the HDS score in the different spine levels. In a second step, a partial Pearson correlation was performed with age as control factor to diminish the effect of aging. The level of significance was set to 0.05, two-tailed.
Results
Relation between histological classification system (HDS) and the macroscopic grade of disc degeneration (Thompson grade) The extent of histological changes-especially in the NPshowed a direct proportionality to the amount of macroscopic alterations (Thompson grade) (Fig. 1) , with a high statistical significance (p = 0.001). As expected, the interdependency was highest for histological changes in the NP and the macroscopic degeneration grade. Generally, lower macroscopic grades were obtained if matrix alterations were mostly restricted to the AF, while the NP showed only minor changes.
Reliability of the histologic and macroscopic assessment
Interrater reliability for the assessment of the histological parameter showed substantial rater agreement (Cohen's j 0.714) and almost perfect rater agreement for the macroscopic assessment (Cohen's j 0.893).
Semiquantitative assessment of the histologic degeneration score (HDS)
The HDS for the 47 individuals with regard to spine level, anatomic compartment and age are presented in Table 1 . Figure 2 showed the mean HDS scores with regard to anatomic subcompartment (OA/IA/NP) and spine level (C5/6; T2/3; L2/3) with highest values for the NP in the lumbar region. For further analyses, the individuals were categorized into four age groups (0-15 years/16-45 years/ 46-65 years/66-95 years). The extent of histological changes significantly increased with age (p = 0.001). Changes were most pronounced in the NP and the lumbar disc (Fig. 3 ). The differences in the amount of histodegenerative changes between the four age groups were statistically highly significant (p = 0.001).
In general, the following histological signs of disc degeneration are observed:
• Cell density with clones of chondrocytes (hypertrophic chondrocytes) as an indicator of cellular proliferation.
• Granular changes with eosinophilic granular material within the fibrocartilage matrix.
• Mucous degeneration with cystic oval or irreglular areas with an intense deposition of acid mucopolysaccharides staining dark blue with Alcian blue-PAS.
• Concentric and radial tears and clefts as indicators for tissue disruption.
• Cell death and amorphous fibrous tissue without any differentiation (scar formation).
Age group I 0-15 years (n = 4) In the newborn, no alteration of the IVD is seen. Focally remnants of notochordal cells are detectable. In contrast, the 3-and 7-year-old individuals showed already minor histological changes mostly in the NP and to a lesser extent in the IA, especially with increased cellularity, sporadic tears, cell death, granular and mucoid changes.
Age group II 16-45 years (n = 6) In this age group, a dramatic increase in all histological alterations can be observed with a minimal focus on increased cell proliferation. There are few rim lesions associated with neovascularization. Changes are enhanced in the NP and there is a slight preference for these changes in the lumbar IVD.
Age group III 46-65 years (n = 10) This stage is characterized by a continued increasing frequency in cell and matrix alterations with minor emphasis on cell proliferation. Adjacent to clefts and tears, huge clones of hypertrophic chondrocytes are detectable. Numerous clefts and tears are filled with granular material (granular matrix degeneration). Histological alterations are most pronounced in the lumbar spine and in the cervical spine.
Age group IV 66-95 years (n = 27) This stage showed the highest amount of tissue alterations, sometimes with severe matrix deterioration, tissue disruption or scar tissue (burn out appearance). Again, these changes are most pronounced in the lumbar spine and to a lesser extent in the cervical and thoracic spine. There is a substantial interindividual variation with some individuals showing only moderate histological changes in the IVD. Intra-individual relation between histological classification system (HDS) in the NP and spine level
The HDS showed a statistical significant topographic variation pattern with highest values in the lumbar spine (p = 0.001) (Fig. 4) . Overall, the histological changes in the thoracic spine were slightly more pronounced in comparison to the cervical spine, these differences showed a statistical significance (p = 0.004).
Correlative analyses
Spearman's rank correlation A Spearman's rank correlation coefficient (for details see Table 2 ) showed a high statistical significance between the amount of histological changes (HDS grade), age and spine level (p = 0.001).
Pearson and partial Pearson correlation test Intraindividual correlations between the HDS score in the different spine levels showed a statistical significant high individual concordance (p = 0.01) with medial correlation coefficients (for details see Table 3 ). Although there is a drop of the correlation power after partial correlation with age as control variable the resulting highly significant correlation coefficients substantiate the high intra-individual correlation for the different spine level.
Discussion
This is the first study that provides a semiquantitative assessment of the intra-individual temporo-spatial course of histological changes in complete cross-sections of IVDs in the cervical, thoracic and lumbar spine. The amount of histological changes in each anatomic subcompartment (OA/IA/NP) of the IVD was evaluated for every spine level (C5/6; T2/3; L2/3) in 47 individuals (age range 0-95 years). In summary, the highest levels of histodegenerative changes were observed in the NP in all spine levels, with most pronounced changes in the lumbar discs and an age-related expression pattern. Our data also provides additional evidence for a high intra-individual correlation of degenerative changes in all three examined spinal regions.
The last decade has broadened our understanding of the process of disc degeneration [1, 24, 50, 67] . In the past, disc degeneration was viewed as a result of mechanical imbalance and/or repeated injury. Nowadays, it is characterized as a multifactorial disorder with a strong hereditary background [4, 28, 29] . If genetic inheritance (for example, collagen I polymorphism [45] ) constitutes the driving force for the degeneration of the IVD, one would expect aboveaverage degeneration in all spine regions (lumbar/thoracic/ cervical) in the presence of an unfavorable heredity background. A thorough literature review did not show any study which focused on a detailed macroscopical and microscopical analysis of disc degeneration in different spine level in humans. As the majority of the histological, biochemical and cellular investigations focused on the lumbar spine, due to the high susceptibility for disc degeneration in this region, temporo-spatial changes in the lumbar discs are well explored [7-10, 14-16, 25, 27, 35, 40, 41, 47, 48, 55-57, 64] . In contrast, histological description of degenerative changes in the thoracic spine are rare and only very few investigations are available using MRI technique [20, 49, 59] . Girard et al. [20] characterized the temporal changes in disc-related disorders of thoracic spine using MRI imaging, showing predominantly disc degeneration and herniation in the lower part of the spine (T6-T10), which can rapidly evolve, but tends to remain unchanged after occurrence. One important limitation of this study is the lack of a reference or ''gold standard'', for example, discography [66] . In particular, there is good experimental evidence that the assessment of disc morphology by radiology alone tends to under-diagnose the real disc pathology [13, 30, 46, 65] . Similarly, with regard to the cervical spine, the majority of investigations used radiology imaging to assess the amount of disc changes [13, 17, 30-32, 34, 43, 44, 52, 53, 62, 63] , while only few histological studies exist [2, 13, 18, 32] . In general, it is believed that degeneration of the cervical disc is common [21, 22] and that the same matrix degradation processes occur as in the lumbar spine. These investigations focused mainly on material from disc herniation and to a lesser extent to cervical spondylosis. The authors describe the resorption-process of herniated disc material, which is similar to the action in the lumbar disc [2, 18, 32] . Furthermore, they speculate about the influence of nutrient deprivation as an underlying cause for spondylosis. There are numerous MR and plain radiographic classifications for cervical disc degeneration in use, but to our knowledge, only one investigation by Christe et al. [13] tried to validate their radiological classification on the basis of the underlying histology. Results of this study showed that discs from patients over 50 years of age are histologically severely degenerated, which is very similar to our findings. In addition, they could demonstrate that MR was only a moderate indicator of advanced disc pathology and poorly detected lesser degrees of pathology when compared with histology.
By analyzing discs from all spine level (cervical/thoracic/lumbar) in each of the 47 individuals, we found a highly significant intra-individual correlation for degenerative lesions in the NP for all examined spine levels. Of course, aging has a profound effect on degenerative changes in NP, but our statistical analysis (even after partial correlation with age as control variable) revealed a robust correlation coefficient between the different spine levels. These results corroborate the presumption of an individual predisposition for degenerative disc lesion. This distinct individual disposition for degenerative lesions in the disc could be attributed to underlying genetic preposition, for example genetic polymorphisms of collagens or inflammatory mediators [3-5, 28, 61] . Additionally, we observed the highest amount of histo-degenerative changes in the NP of lumbar discs, which can be caused either by malnutrition of disc cells in this region or by mechanical loading. The relevance of the nutrition is supported by previous studies, indicating that disturbances of the nutrient supply (e.g. prolonged diffusion distances as present in the lumbar area) will ultimately lead to improper cell function and cell death with resulting disc degeneration [6, 8, 23, 26, 51, 58] . Although cervical and thoracic disc height measurements showed conflicting results with considerable individual variation [11, 36, 39] , lumbar discs are thought to possess approximately twice the height of cervical discs [19] . This increase in disc height is paralleled by a rise in diffusion distances up to 8 mm. However, the accelerated occurrence of disc degeneration in the lumbar NP can potentially also be explained by mechanical loading, which is highest in the lumbar spine [37] [38] [39] . Cervical rotation with resulting torsion stress to fibers of the AF may explain the more pronounced histological changes in the AF of the cervical spine, therefore, further supporting the role of mechanical loading. However, it has to be noted that these local changes in the AF are not well detected by the macroscopic classification system, which is more focused on changes in the NP.
There are important limitations of this investigation: first with regard to patient population (mean 62 years), an inclusion of more patients between 16 and 45 years would be desirable, because in this age group the degenerative processes gain momentum. Secondly-although we were able to present a risk evaluation for the investigated parameters (age/spine level/disc compartment/individual disposition)-we were not able to calculate the absolute power of these factors because they are interconnected. Finally, from our statistical analysis, we can state that spine level, disc compartment, age and intra-individual predisposition are important factors to influence the degeneration process of the IVD. We are fully aware that a predisposition not necessarily promotes pathology and that other Table 2 Spearman rank correlation coefficients and significance levels for the correlation of the HDS score in the different spine levels versus age, sex, BMI and macroscopic grade of disc intervening factors are required to orchestrate the degeneration process.
In conclusion, this study demonstrated that the level of histo-degenerative changes was highest in the NP in all spinal regions with its maximum in the lumbar spine. The intra-individual correlation of degenerative changes in all three examined spine regions (especially after partial correlation for age) further supports the notion that individual, i.e. genetic factors are predisposing factors for the development of age-related disc alterations.
